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ABSTRACT
During the 1980s Ireland experienced severe pollution episodes, principally because of domestic coal burning. In
1990, the Irish government introduced a ban on the marketing, sale, and distribution of coal in Dublin. They extended the ban to Cork in 1995 and to ten other communities in 1998 and 2000. We previously reported declines in
particulate (black smoke [BS]) and sulfur dioxide (SO2) concentrations in Dublin following the 1990 coal ban. We now
explore and compare the effectiveness of these sequential
bans in 1990, 1995, 1998, and 2000. Daily BS and total
gaseous acidity (SO2) measurements were compiled between
1980 and 2004. We calculated descriptive statistics for the
pre-ban (5 yr before ban) and post-ban (5 yr after ban)
periods for BS and SO2 concentrations and for season-specific periods. Mean BS levels fell in all centers post-ban
compared with the pre-ban period, with decreases ranging
from 4 to 35 g䡠m⫺3 (⫺45 to ⫺70%). These reductions were
smallest in the summer and largest in the winter. These BS
reductions were sustained in all centers until the end of the
study period. We observed no clear pattern in SO2 changes
associated with the coal bans. The 1990, 1995, 1998, and
2000 Irish coal sale bans resulted in immediate and sustained decreases in particulate levels in centers, with the
largest declines in the winter. In contrast, we did not observe
consistent declines in total acidity as a measure of SO2. It

IMPLICATIONS
This work shows that appropriate interventions to reduce
air pollution can be very effective and successful. It also
shows that although the interventions were introduced in a
stepwise manner in different locations, they were still successful. The interventions were simple and clear with no
exemptions from the legislation.
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may be that coal was not the major source of SO2. Simple
legislation was very effective at improving ambient air quality in Irish cities with varying populations, geography/topography, and meteorological conditions.
INTRODUCTION
Throughout the 1980s Ireland experienced severe air pollution episodes. In one particularly severe event in 1982 in
Dublin,1 black smoke (BS) concentrations, a measure of ambient particles, were greater than 1500 g/m3 at individual
monitoring stations and citywide averages were over 750
g/m3. Kelly and Clancy1 reported that this 1982 episode
was associated with a doubling in fatality rates at a central
Dublin hospital. The burning of coal in open grates was
reported to be the major contributor to the particulate air
pollution levels in the mid 1980s, with most private dwellings (80%) and all local authority dwellings using solid fuels
(coal and peat) for space heating.2 The Irish government
banned the marketing, sale, and distribution of coal in Dublin on September 1, 1990.3 This led to a reduction in mean
ambient BS concentration from 50.2 (pre-ban) to 14.6
g/m3 (post-ban, ⫺71%), and a reduction in mean sulfur
dioxide (SO2) concentration from 33.4 to 22.1 g/m3
(⫺34%),4 and 6, 16, and 10% reductions in total nontrauma, respiratory, and cardiovascular mortality cases, respectively, over the 6 yr following the ban. On October 1,
1995, a similar coal ban was introduced in Cork, the second
largest city in Ireland.5 The ban was extended to cover Arklow, Drogheda, Dundalk, Limerick, and Wexford on October 1, 1998,6 and Celbridge, Galway, Leixlip, Naas, and
Waterford on October 1, 2000.7 We examined the effectiveness of these respective bans on improving air quality in
each city or town based on daily air pollution concentrations (BS and SO2) measured in each of these communities
before and after the sequential bans on the sale of coal.
Journal of the Air & Waste Management Association 207
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Table 1. Center populations based on 1996 census data.
Ban
Year

Center

1996 Census
Population

1990

Dublin

481,854

1995

Cork

127,187

1998

Limerick

52,039

Dundalk

25,762

Drogheda
Wexford
Arklow
Galway

24,460
15,862
8,557
57,241

Waterford

42,540

Naas
Leixlip
Celbridge

14,074
13,451
12,289

2000

Monitoring Site
Royal Dublin Society
Mountjoy Square
Clontarf
Herbert St.
Bluebell
Finglas
Blackpool Fire Station
Environment Lab
St. Finbarr’s Cemetery
St. Joseph’s Cemetery
Mahon House
Heatherton Park
Southill
Moyross
Todds
Ballykeeffe
Town Hall
Sports Centre
Drogheda (Fair Green)
Wexford Town
Arklow
Public Analyst Laboratory
Waterworks
Sandy Road
Tycor
Palace
Naas
Leixlip
Celbridge

METHODS
Descriptions of Centers
Ireland is an island lying on the extreme western edge of
Europe. Its weather patterns are dominated by Atlantic
weather systems. Typically, Ireland experiences several frontal systems crossing the country per week, with prevailing
southwesterly winds coming off of the Atlantic Ocean.
These weather patterns are generally conducive to rapid
dilution and removal of local pollution sources. However,
high-pressure systems, particularly in the winter, may give
rise to temperature inversions, decreased ventilation, and
periods of increased pollution. Because of the prevailing
winds and high rainfall, the West Coast experiences lower
pollution levels than the more sheltered inland, valley, or
East Coast locations, given the same pollution emissions.
The bans were applied to 12 centers (Table 1) in three
geographic regions (Figure 1)—the East (seven centers),
South (three centers), and Midwest (two centers). In the
East, Dublin is the largest city in the Republic of Ireland. It is
located on the East Coast at the mouth of the Liffey River.
Historically, Dublin is the largest industrial center, although
currently the service industries dominate the economy.
Dublin is the hub of the nation’s roadway system, thus
traffic (both light and heavy duty vehicles) is a major source
of pollution. Celbridge, Leixlip, and Naas are part of the
Dublin commuter belt inland and west of Dublin. Leixlip is
a major manufacturing center (computers, electronics, and
information technology). Drogheda and Dundalk are
coastal towns north of Dublin. Drogheda is located in a
208 Journal of the Air & Waste Management Association

Figure 1. Map of Ireland showing centers with bans on coal sales
and weather observation stations.

valley and was once a major industrial center. The largest
cement plant in Ireland is located in Drogheda, but Drogheda’s economy has shifted to technology and service industries. Dundalk likewise is a center for high-technology
manufacturing and services. Arklow is a coastal town south
of Dublin with an industrial base primarily of chemicals and
pharmaceuticals.
Cork is the second largest city in Ireland and is a major
port and industrial area. Although Cork remains the industrial center of the south, the mix has changed in the 1990s
from heavy industry to pharmaceuticals and information
technology. Waterford and Wexford are port cities located
on the plains and the southeastern coast of Ireland, with
tourism and light industry.
In the Midwest, Limerick is located on a plain on the
Shannon River. Galway, located north of Limerick on a
coastal plain on the Irish West Coast, is regularly impacted
by Atlantic weather patterns. This region has seen substantial growth in manufacturing of high-tech products (electronics, medical equipment, information technology, etc.)
in the 1990s. Galway also has a large base in education,
professions, and tourism.
Air Pollution Monitoring
BS and SO2 concentrations were measured by the local authorities in each city or town using the British Standards
Institute (BSI) methods. BS is measured by reflectometry
(BS1747-2 method)8 and is an indirect measure of fine particle mass. SO2 was measured by total gaseous acidity
(BS1747-6).9 The Irish Environmental Protection Agency
compiled these observations and provided the data for these
analyses.
Volume 59 February 2009
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Figure 2. Season-specific BS concentrations for (a) 1990, (b) 1995, (c) 1998, and (d) 2000 coal-ban cities.

In both Dublin and Cork, there were six monitors consistently measuring BS and SO2 for the 5 yr before and after the
respective bans (Table 1). For the centers with the 1998 ban
(Table 1), there were four monitors in Limerick, two in Dundalk, and one each in Drogheda and Arklow. BS was measured
at one monitor in Wexford before the ban in 1998, but these
measurements were discontinued after the ban was introduced
and there were no SO2 measurements either before or after the
introduction of the ban. In the 2000 ban cities, there was one
monitor each in Leixlip, Naas, and Celbridge; two in Waterford; and three in Galway (Table 1).
Statistical Analysis
For the communities with multiple monitors, we first calculated the mean BS and SO2 concentrations across all of the
reporting monitors for each day. We calculated descriptive
statistics of the city- and day-specific mean BS and SO2
concentration for the entire study period and the 5-yr preand post-ban periods. During these pre- and post-ban periods, we calculated the same descriptive statistics in the winter (December–February), spring (March–May), summer
(June–August), and autumn (September–November).
We used t statistics to test for differences in pre- and
post-ban BS and SO2 concentrations.
RESULTS
Pre- versus Post-Ban BS
The effect of the year-specific bans on coal sales (1990, 1995,
1998, and 2000) on BS concentrations was dramatic and immediate in all cities, regardless of the year of the ban. Before the
Volume 59 February 2009

coal bans were put in place, there was a strong seasonal pattern
to the BS concentrations in each city (Figure 2), with the highest concentrations in the winter months. There was an immediate reduction in the BS concentrations in the first winter after
the ban in each city, which persisted throughout the study
period in each city (Figure 2).
We compared the city-specific mean BS concentrations in
the 5 yr before and after the coal sale ban in each center. There
was a statistically significant decrease in mean BS concentrations in all centers in the 5 yr after the ban compared with the
5 yr before the ban, with the reductions ranging from 45 to
75% (Table 2). The largest reduction in the mean BS concentration was in Dublin (35.6 g/m3, 70%), the city with the
highest pre-ban mean concentrations (50.2 g/m3).
The sequential bans affected not only the post-ban
mean, but also the post-ban extreme values and variation in
the BS concentrations (Figure 3). The 90th and 95th percentile BS concentrations in Dublin, in the 5 yr post-ban, were
approximately one-fourth those in the 5 yr before the ban
(Figure 3). In Cork, these 90th and 95th percentile BS concentrations post-ban were approximately one-half those
pre-ban. Similarly, in the centers where coal was banned in
1998 and 2000, there were approximate 50% reductions in
the 90th and 95th percentile BS concentrations.
Pre- versus Post-Ban SO2
For SO2, there was no clear evidence of an effect of the coal
bans (Figure 4 and Table 2). The mean SO2 concentration in
Dublin was 11.4 g/m3 (34%) lower following the 1990 ban
(Table 2). In Cork, there was little evidence of seasonality in
Journal of the Air & Waste Management Association 209

Goodman, Rich, Zeka, Clancy, and Dockery
Table 2. Pollutant concentrations for 5 yr (60 months) pre-ban and 5 yr (60 months) post-ban by center.
BS (mg/m3)
Ban Year
and City

Pre-/PostBan

SO2 (mg/m3)

Observations

Mean

SD

Maximum

Observations

Mean

SD

Maximum

Pre
Post
Difference (%)

1796
1824

50.4
15
⫺35.4

65.6
16.5
⫺70%

901
198
P ⬍ 0.0001

1795
1817

33.1
21.7
⫺11.4

16.7
10.3
⫺34%

205
104
P ⬍ 0.0001

Pre
Post
Difference (%)

1816
1828

33.7
17.2
⫺16.5

34.8
12.6
⫺49%

346
143
P ⬍ 0.0001

1817
1800

14.5
18.0
3.5

7.7
7.9
24%

45
48
P ⬍ 0.0001

Pre
Post
Difference (%)

1620
1638

40.0
18.4
⫺21.6

30.8
11.7
⫺54%

196
97
P ⬍ 0.0001

1172
986

4.7
5.4
0.7

7.3
6.8
14%

54
56
P ⫽ 0.027

Wexford

Pre
Post
Difference (%)

1512
0

37.7

34.8
No Data

307

Limerick

Pre
Post
Difference (%)

1826
1734

27.1
12.5
⫺14.6

20.2
8.8
⫺54%

148
58
P ⬍ 0.0001

1825
1375

14.0
14.9
0.9

4.0
6.7
6%

Dundalk

Pre
Post
Difference (%)

1802
1786

23.0
11.9
⫺11.1

28.9
11.5
⫺48%

387
173
P ⬍ 0.0001

1762
1785

14.9
14.2
⫺0.6

8.8
7.9
⫺4%

77
114
0.024

Drogheda

Pre
Post
Difference (%)

1753
1588

24.0
9.3
⫺14.8

25.6
7.4
⫺61%

284
78
P ⬍ 0.0001

1660
1559

16.4
11.9
⫺4.5

12.8
8.0
⫺27%

212
61
P ⬍ 0.0001

Pre
Post
Difference (%)

1694
1462

20.9
8.9
⫺12.0

17.0
7.0
⫺57%

171
56
P ⬍ 0.0001

1686
1463

11.1
13.5
2.4

7.2
9.6
21%

57
74
P ⬍ 0.0001

Leixlip

Pre
Post
Difference (%)

1687
1436

17.1
5.6
⫺11.5

14.2
5.8
⫺67%

139
52
P ⬍ 0.0001

1628
1399

32.7
14.0
⫺18.7

26.8
9.9
⫺57%

213
60
P ⬍ 0.0001

Celbridge

Pre
Post
Difference (%)

1724
1475

16.8
8.2
⫺8.6

13.7
10.7
⫺51%

153
129
P ⬍ 0.0001

1764
1458

14.9
14.5
⫺0.4

9.4
11.1
⫺3%

105
146
P ⫽ 0.25

Waterford

Pre
Post
Difference (%)

1778
1232

13.5
3.2
⫺10.3

14.9
4.4
⫺76%

130
55
P ⬍ 0.0001

1659
1149

6.2
4.3
⫺1.9

7.7
9.7
⫺30%

120
160
P ⬍ 0.0001

Galway

Pre
Post
Difference (%)

1717
1561

9.3
5.1
⫺4.2

10.3
4.8
⫺45%

115
45
P ⬍ 0.0001

1716
1075

10.3
12.5
2.2

4.7
6.6
21%

127
64
P ⬍ 0.0001

1990
Dublin

1995
Cork

1998
Arklow

2000
Naas

mean SO2 concentrations (Figure 3) and little difference in
pre- and post-ban SO2 concentrations (Table 2). In fact,
there was an anomalous increase in SO2 concentrations
approximately 12–24 months after the ban was put in place.
This increase was not seen with BS (Figure 2).
There were small decreases in mean SO2 concentrations
post-ban in Dundalk, Drogheda, Waterford, and Celbridge,
but small increases in Cork, Limerick, Arklow, Galway, and
Naas (Table 2). In Leixlip, which had the highest SO2 mean
210 Journal of the Air & Waste Management Association

0
0

No Data
No Data

63
137
P ⬍ 0.0001

concentrations before the 2000 ban (similar to pre-ban values in Dublin), there was an 18.7 g/m3 (57%) decrease in
SO2 concentration (Table 2).
In Dublin, there was a decrease (⬃33%) in the 90th and
95th percentile for SO2 concentration post-ban (Figure 3).
However, for Cork and the centers affected by the 1998 and
2000 bans, there was little evidence of lower 90th and 95th
percentile SO2 concentrations post-ban compared with preban (Figure 3).
Volume 59 February 2009
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Figure 3. Box plots of the distribution of (a) BS and (b) SO2 in the 5 yr before (pre) vs. after (ban) in coal sales in 1990, 1995, 1998, and 2000.
Boxes show 25th, 50th, and 75th percentiles; bars 10th and 90th percentiles; and dots 5th and 95th percentiles.

Season-Specific Effects of Bans
We examined the season-specific change in mean BS and
SO2 concentrations in the 5 yr before the ban to the 5 yr
after the ban in each center (Figure 5). The largest decrease
in mean BS concentrations was observed in the winter season in all centers. There was little to no change in summer

mean BS concentrations post-ban compared with pre-ban in
any of the centers. The largest decrease in mean winter BS
concentration was seen in Dublin, which had the highest
pre-ban concentrations. The smallest decreases in mean
winter BS concentration were seen in the 2000 ban centers,
which had the smallest pre-ban concentrations (Figure 5).

Figure 4. Season-specific SO2 concentrations for (a) 1990, (b) 1995, (c) 1998, and (d) 2000 coal-ban cities.
Volume 59 February 2009
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Figure 5. Post-minus pre-ban season-specific mean (a) BS and (b) SO2 concentrations.

In contrast, there was little evidence of reductions in
the season-specific SO2 concentrations in the 5 yr post-ban
compared with pre-ban in any of the centers (Figure 5). In
Dublin, there was a moderate decrease in mean SO2 concentration in winter and autumn. There was a decrease in mean
SO2 concentration in Leixlip in the summer and spring,
with no decrease in the winter season (Figure 5).
DISCUSSION
Following a series of bans on the marketing, sale, and distribution of coal in 12 cities/centers in the Republic of Ireland from 1990 to 2000, BS concentrations declined rapidly
and dramatically. This decline appeared in each city regardless of the year of the ban, city population, topography,
climate, and the pre-ban BS concentration. The largest reductions were in the winter, when coal was used for residential space heating, with little pre- to post-ban change in BS
concentration in the summer. There was less seasonal variability in mean BS concentrations and sharp reductions in
the extreme BS concentrations (90th and 95th percentiles)
in the post-ban period compared with the pre-ban period in
all cities. These reductions were sustained in all centers until
at least 2004 (4 –14 yr post-ban). In contrast, there was no
consistent pattern/decline in SO2 measured as total acidity
across the cities, suggesting little effect of the ban. These
results are consistent with experience in other locations in
212 Journal of the Air & Waste Management Association

Europe, Asia, and North America where air pollution improvements were observed following implementation of
policies to directly reduce air pollution,10 national political
realignment,11 temporary closing of industrial facilities because of employee strike,12,13 or temporary regulations during large sporting events.14,15
These interventions in Ireland were happening against
a backdrop of the “Celtic Tiger,” in which the Irish economy
was the fastest growing in Europe, showing a 60% increase
in gross domestic product between 1990 and 1998.16 There
was also similar growth in energy usage, up 60% over the
same period.16
In almost all of the centers, BS concentrations were
decreasing in the years before the city-specific bans (Figure
2). Dublin was the main center for importation of coal, and
the local ban on coal sales in Dublin may have altered
availability in other cities. Coal imports dropped by 50%
between 1980 and 1993, with the most dramatic reduction
in 1991 following the coal ban in Dublin.16,17 In addition,
there was a general switch to natural gas for space heating
because during this period natural gas usage increased sixfold.16 Even with these long-term temporal trends towards
lower BS, there was an immediate improvement in BS concentrations apparent in the first winter following the cityspecific bans on coal sales (Figure 2).
Volume 59 February 2009
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After the introduction of the coal ban, only 5 of 11
centers with measurements of SO2 showed a decrease. During this period, the Irish government was also trying to
reduce its overall SO2 emissions as part of the European
Union national emissions ceiling directive.18 In 1990 the
total SO2 emissions from all sectors in Ireland was estimated
to be 183,000 t. Fifty-six percent of these SO2 emissions were
from electricity generation, and 21% were from residential
and industrial sources.19 A specific breakdown of emissions
from the residential sector is not available. By 2005, the total
emissions were estimated to be 71,000 t (61% reduction).
This was achieved at a time when energy use was increasing
significantly, as noted above. There was no substantial
change in the percentage contributions from residential and
industrial sectors over this time.19
The largest declines in measured SO2 concentrations
were observed in Dublin and Leixlip. There are several possible explanations for why SO2 reductions were not seen in
the other Irish centers. First, most of the ambient SO2 may
not have been a product of coal burning, but may have been
due to other sources such as oil-based heating, emissions
from diesel vehicles, or sources outside of the local area.
Second, the measurement technique used to measure SO2
concentration measured total acidity (BS1747-6),9 and this
method was designed when SO2 levels were substantially
higher than during our study period (1990 –2005). Indeed,
SO2 concentrations during this period were often close to
the limits of detection of the BS1747 method. The BS1747
method assumes all acidity is attributable to SO2.9,20 Thus,
nitrogen dioxide and other acidic gases are misclassified as
SO2 by this method. Thus, these results show total acidity
did not consistently decrease after the bans; however, there
may have been a change in SO2 concentration because of
the coal ban, which was masked by increased concentrations of other acidic gases.
CONCLUSIONS
In multiple Irish cities, we observed statistically significant, large, immediate, and sustained declines in BS concentration following a series of legislative bans on the
marketing, sale, and distribution of coal in 1990, 1995,
1998, and 2000. No consistent effect was observed in total
airborne acidity as a surrogate measure of SO2.
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